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PREFACE

This final report was prepared by Allied-Signal Aerospace Company,
AiResearch Los Angeles Division, for the Air Force Wright Aeronautical Labo-
ratories, Wright-Patterson Air Force Base, under Contract F33615-82-C-2233.
The technical effort was performed from December 1982 to December 1987 by the
AiResearch electrical power systems product line group with Mr. Kenneth Wuertz
as program manager. Mr. Joseph A. Weimer, the Air Force project engineer for
the program, provided direction, technical support, and invaluable help and
encouragement in guiding this program to a successful performance
demonstration.

Many individuals made significant contributions to the organization and
content of this report. It is difficult to single out specific people for
special recognition; however, major contributions were made by Joseph Denk in
motor design, Roy Brown in pump design, Edward Beauchamp and Colin Huggett in
control design and development, Paul Gassen in laboratory engineering, and Al
Thurman in hardware development and system test.

This program was ap exploratory development effort to design, develop,
and test a permanent-magnet brushless dc motor and associated motor control
system for loads requiring precision speed control over a wide horsepower and
speed range. The objective of the program was to develop the technology by
demonstrating improved efficiency and performance in comparison with existing
systems that may or may not use electric motor drives. The technology was
demonstrated in an t.:tric fuel pump concept, but is generally adaptable to
many other applications requiring similar power and performance capability.
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1. SUMMARY

This final report presents the results of the design, development, and
test of a brushless dc permanent-magnet motor (PMM) assembly and the associ-
ated motor controller. The program included the development of a centrifugal
pump to load the motor and demonstrate feasibility of this type of system for
fuel pump applications.

1.1 SYSTEM FEATURES

The motor incorporated state-of-the-art samarium-cobalt permanent magnets
in a four-pole rotor. The magnets were supported and contained in an Inconel
sleeve. Rotor cooling and bearing lubrication were achieved by passing a
small quantity of the pumped fluid through the center of the shaft and pumping
it into the bearing cavities.

The stator assembly was a conventional 3-phase design using a Class 2200C
insulation system. Stator cooling was accomplished by bypassing a small quan-
tity of the pump output through a heat exchanger in the stator housing.

The pump was a shrouded centrifugal design, using a brazed construction
suitable for efficient operation at the high motor speeds.

The motor controller was designed to provide a startup capability from a
115/200-V, 400-Hz source, then transition to operation at the high-speed con-
ditions from a 9-phase permanent-magnet generator providing a high-voltage,
high-frequency power source. The motor controller was designed to phase-delay
rectify from eithe•,r source, thus providiny a controlled dc link voltage. The
dc link fed a 3-phase full-wave inverter, which powered the motor. Startup of
the motor was accomplished by an increasing voltage and frequency ramp from
the motor controller to the motor until a minimum speed was reached. Above
that speed, the motor controller used the backvoltage to establish stator-to-
rotor position logic. Hardware problems precluded final development and
demonstration of this system. A substitute controller was used that incorpo-
rated the same 400-Hz and startup operation, but substituted a 3-phase, 480-V,
60-Hz source in place of the 9-phase generator.

The motor and pump assembly is shown in Figure 1-1, and the motor con--
troller assembly is shown in Figure 1-2.

1.2 SYSTEM PERFORMANCE

The motor, pump, and motor controller were tested as a system to estab-
lish the overall performance ad to permit the evaluation of each of the major
components. Testing included steady-state operation at five different speed
points with load valves set to restrict flow. In addition, three steady-state
speed points were recorded with the load valves set to provide a "high flow"
pump output. Testing was able to verify the system steady-state performance
goals except for the high-power, high-flow point. The safe commutating margin
for the motor controller was reached at approximately 81 percent of the peak
power goal.

1-1
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The response of the system to step commands was determined. In the low-
flow mode, three of the four step command goals were achieved, and the fourth
was missed by approximately 0.25 second. The step command at 45,000 rpm from
low-flow to high-flow mode could not be tested due to flow control valve
problems.

Table 1-1 summarizes the system test performance.
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2. INTRODUCTION

This report documents the design, development, and test of an elec-
tronically controlled, permanent-magnet, brushless dc motor and pump.

The selected design concept centered on a high-energy samarium-cobalt
permanent-magnet motor using pump 1luid for rotor and stator cooling. The
motor controller uses half-wave phase-delay rectification on each of two
alternate power inputs and a 3-phase full-wave thyristor inverter. A
centrifugal pump was designed to provide shaft loading and hydraulic output
consistent with specification goals.

The system performance goals were to demonstrate stable, precise
operation over a motor shaft power range of 1 to 85 hp with a concurrent speed
range of 10,000 to 45,000 rpm. The following specific power and speed points
were selected to demonstrate performance at typical engine operating
conditions:

(a) Ground start

(b) Ground idle

(c) Cruise

(d) Maximum dry

(e) Maximum afterburner

The specification also required certain motor and motor controller
instruawpntation and control features. These include protection against
thermal and electrical overloads, a power source select switch, and a motor
shaft speed directly proportional to an analog dc-voltage speed command
signal.

The major technical challenges addre,.-ed in the program are listed below
for the motor, motor controller, and pumý.

Motor

Optimizing the electromagnetic design consistent with thermal, stress,
and critical speed constraints

Selecting the suitable startup operational mode

Sealing motor cavities against high pump outlet pressure

Minimizing weight and package size

Providing maximum efficiency

Accurately determining motor losses to permit componcnt evaluation during
system testing

2-1



Motor Controller

Minimizing weight and size in the dual converter with the capability of
operating from two input sources

Providing maximum efficiency

Selecting power semiconductors to provide tne best commutation match for
the motor current

Pump

Designing for best efficiency over a wide operating range

Ensuring that the design is consistent with shaft dynamics, bearing
lubrication, and motor cooling

The following sections of this report describe the activities in each of
the major phases of the program. These are (1) design analysis and
optimization, (2) hardware fabrication, (3) component level testing, and (4)
system testing.
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3. DESIGN

The overall design of the motor, pump, and motor controller changed early
in the program from that defined in the proposal. A number of these changes
were implemented to simplify the system and reduce weight, while others were
directed toward improving system performance. In addition, Mr. George
Coffinberry of General Electric provided insight into the potential use of
this type of system on engines. This resulted in a change to the pump design
approach. Mr. Coffinberry also recommended a change to a higher power system.
This would have required an increase from 85 to 99 lip and an operating speed
of 52,000 rpm instead of 45,000 rpm. The higher power approach was not used
because of the significant impact it would have had on the program scope and
cost.

3.1 MOTOR DESIGN

The motor design changed from the proposed unit because the motor con-
troller optimization favored a change from the voltage-source, transistor-
inverter drive to a current-source, thyristor-inverter approach. The motor
required only a winding change to provide the lower backvoltage needed for the
current source thyristor-inverter approach.

The motor electromagnetic design was performed on the AiResearch per-
manent-magnet machine computer design program, BIGMAG. This program has the
capability of optimizing a design based on selected key parameters. The pri-
mary goals in this design were to achieve a maximum efficiency while maintain-
ing a cometitive motor weight Tahle 3-1 presents the most significant motor
dimensional and performance parameters.

TABLE 3-1. Calculated Motor Design

Parameter Value

Dimensions

Stack OD 4.266 in,
Stack ID 2.457 in.
Stack length 6.058 in.
Rotor OD 2.421 in.
Coil extension 1.148 in.

Magnets

Material Samarium
Cobalt
(Sm2Co17)

Energy product 27 MGOe

Weight

Motor, electromagnetic 17.36 lb
Magnets 2.018 lb

3-1



TABLE 3-1 (Continued)

Parameter Value

Flux Densities

Stator core 50 kl/sq in.
Stator teeth 105.3 kl/sq in.
Air gap 30.5 kl/sq in.
Magnet 39.8 kl/sq in.
Rotor core 90 kl/sq in.

Losses at 85 hp, 45,000 rpm

Stator core 571 W
Stator tieth 479 W
Copper I R (350 0 F) 1201 W
Rotor 170 W

Losses at 45 hp, 45,000 rpm

Stator core 664 W
Stator tieth 557 W
Copper I R (3500F) 387 W
Rotor 114 W

Efficiency (electromagnetic)

85 lip at 45,000 rpm 96.32*
45 hp at 45,000 rpm 95.12*

Winding Data

Turns per coil 5
Wire 20 strands, 26 AWG
Parallel circuits 4
Span 5/6
Resistance (20 0C) 0.0085 ohm/phase

Interface Data

Commutating inductance 24 0h!phase
Induced volts per phase 157 V/phase

(at 45,000 rpm, 85 hp)
Fundamental rms current 173 amp/phase

(at 45,000 rpm, 85 hp)

*Electromagnetic efficiencies do not include windage and
friction or harmonic and stray losses.
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The losses were calculated and a thermal analysis for the motor was performed.
The analysis indicated that a coolant flow of 3 gpm is required in both the
stator cooling heat exchanger and the rotor-shaft-bearing cooling circuit.
The stator is cooled by passing the coolant from a pump output tap through
channels machined in the stator hcusing. The rotor is cooled by directing a
small Quantity of pump inlet oil down a hole in the rotor shaft, then pumping
oil into each bearing cavity. The worst-case temperatures predicted, using
200OF coolant, are a 342 0 F winding and a 292OF magnet temperature after con-
tinuous operation at 45 hp and 45,000 rpm. If the maximum afterburner load
was applied for 1 minute with the motor initially at these steady-state maxi-
mum temperatures, the stator assembly hot spot would rise to 453 0 F and the
magnet temperature would reach 3000 F. These temperatures are well within the
short term operating limits of the insulation system and the magnets.
Figure 3-1 presents the thermal model network, and Figure 3-2 shows the
temperatures at the 45-hp load. Figure 3-3 gives the maximum temperatures
reached after the 85-hp load is applied for 1 minute.

Motor rotor stress and shaft dynamic analyses were conducted. The rotor
assembly design was evaluated to ensure that no lifting of the sleeve occurred
due to centrifugal and thermal loads, and that the interference fits were
specified. The worst-case stress condition was calculated in the rctor sleeve
to be 106 ksi at 45,000 rpm. This provided a safety margin of 0.42 with
respect to the yield strength of Inconel 718 sleeve material. Calculation
results were obtained from finite element analysis of the model representing
1/8 of the rotor cross section, as shown on Figure 3-4.

Rotor dynamic analysis using ball b~arings was also performed. The
rotating machine was modeled using a 772 lb/in. magnetic spring rate and
600,000 Wb/in. ball bearing spring rate. The following critical speed results
were obtained:

(a) First critical speed (cylindrical mode with moderate bending) is
58,480 rpm.

(b) Second critical speed is 122,708 rpm

The use of resilient bearing mounts was investigated in case it proved
necessary to increase the first critical speed. Utilizing resilient mounts
will bring the first two rigid-body-mode critical speeds down and at the same
time will increase the bending critical speed. In order to achieve the
desired critical speeds, each resilient mount was designed to have stiffness
equal to 3500 lb/in. This would cause the zwo rigid body modes to occur at
N1 = 5132.4 rpm and N2 = 8869.1 rpm, which is below 10,000 rpm. At Lhe same
time, bending mode would occur at the speed of N3 = 124,951 rpm, which would
provide 1.78 margin of safety with respect to the operating speed of 45,000
rpm.

Assuming 3-percent damping with respect to the first critical speed for
each resilient mount, and considering 0.2 gr-in. total unbalanced mass divided
equally between stations 7 and 13 (see Figure 3-5 for all station locations),

3-3
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4PAfS 4s-mP ru£L PUPP MOTOR RLOCSI[NE0 7-19-83

ITCADY STATE TEMPERATURE OIStRIBUTXON
kO. OF IIER.: 7 oTEmP: .1333 DCG.F ACCEL. FACToR: 1.0000

NODE TEMPERATURE PEAT IN W(CIwT SP. HEAT CONDUCTIVITY
NO0 -*4ES.F) IDEG.-C) t f18) IS/Lb-Fl S18HR-FT-F)

1 327.84 159.37 122.942 .92% .100 20Cc.oo

2 303.51 150.69 118.719 .924 .100 z0f.000
3 392.1S 172.29 52.614 .384 .100 200.000

4 333.88 167.70 52.021 .3ii .100 zoo.0o0
S 339.46 111.02 26.917 .196 .100 200.000
6 314.31 159.05 .000 .000 .220 .120
1 309.5s 1S9.18 .000 .511 .120 ll.81S
I 306.06 1S3.35 216.SO0 .639 .120 11.67S
9 319.46 156.92 .C00 .000 .220 .120

10 296.67 148.13 .000 .040 .120 11.7S

11 Z90.69 193.11 278.500 .700 .120 11.&75
12 255.99 129.90 16.726 1.017 .120 11.875

13 252.99 122.73 255.771 3.622 .120 11,975
19 239.31 115.16 67.s30 1.077 .120 11.675

15 230.91 119.99 289.910 4.22b .120 11.675

16 230.33 110.17 .000 2.929 .210 100.000
17 295.5& 194.92 .000 1.05S .kl0 6.000

1i 291.71 198.21 9S.000 2.136 .120 %.&SO

19 290.92 193.86 19.000 .159 .210 100.000
20 262.1l 135.86 .000 1.353 .110 29.000

21 315.71 151.62 195.130 .000 .2Vt .lb
22 290.21 193.99 .000 .000 .290 .016
23 233.29 111.19 ..00 1o.81 .210 100.000

24 203.18 95.09 .000 .408 .110 2%.000

25 204.82 *.is .00 I lts eio 2 .000
---------------------- --------- ---------- ---------- -------- -------- ------------

TOTAL VE16RT OF THCRMAL MODEL ELEMENTS: 29.969 LOS.

FLUID CAPACITY RATE ELEMENTS

STREAN NO.= I NODE NO.: 100 INLET TEMP.: 216.00 F 1 102.21 C)
---------------------------- --------- ------------------- ----------- --------- ----------

SECTION NODE OUTLET TEMP. FLOW RATE DENSITY HEAT IN
NO. NO. MEG=.Fl tOES.C) (LgSISEC) CLOS/FT31 (WATlS)

---------------------------- --------- --------- --------- ----------- --------- ----------

1 101 225.91 107.91 .30000 45.ai6 .&on
---------------------- --------- --------- --------- ----------- --------- ----------

STREIN NO.T 2 NODE NO.= 20n INLET TEMP. 200.00 F 9 93.32 C)

SECTION NODE OUTLET TEMP. FLOW PATE DENSITY HEAT IN
NO. NO. 4DEG.FI (DEG.CI (LBSISEC) ILBS/FT3) tWATTS)

---------------------------- --------- --------- --------- ----------- --------- ----------

1 201 20Q.07 93.34 .3000 946.344 .aoo

SlEAA NO.: 3 '1L0t NC.: 201 INLEI TEMP.: 200.07 F f 93.34 C)

Figure 3-2. Motor Thermal Analysis at 45,000 rpm and 45 hp
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dPAF8 GS-HP FU(L PuUP mOTOR REOESI16 ED 7-19-83

TPANSIENT STATE TEuPEQATURE OISTRIBUTION
T11u: 6C.OoC SEC DTHETA: .GSO56 SEC ICONTIQLLCO 6Y NOOD 101

NOCE TEMPERATURE HEAT 7k dFIGHT SP. HZAT LINOUCTIWITT
NO. .OEG.FI IOCG.C1 fATTSI) ILSS) 19iL{I-FI fBJHR-FT-FI

S199.11 204.29 419.977 .92% .100 200.00a

2 363.8Z 184.33 1U0.698 .921 .100 200.000
? $3.06 233.91 1aO.izo .388 .100 20Q.000
% '.13o.o 226.68 15*.201 .380 .300 200.000
S 4S1.90 233.27 96.139 .198 .200 200.0O0
6 359.39 181.87 .000 .000 .220 .lzo
7 331.10 164.q9 .ODD .517 .120 11.475
8 331.29 166.26 239.500 .839 .120 11.875
9 V79.26 192.91 .000 .000 .220 .120
10 318.92 159.39 cooO .040 .220 11.875
11 306.35 153.52 239.SO .700 .. 120 11.675

12 262.68 128.14 65.8o0 1.017 .120 11.675
13 258.91 126.05 219.620 3.622 .120 11.675
14 241.09 116.10 57.980 1.0717 .120 11.87s
Is 241.62 116.43 227.SZ0 4.226 .120 11.87S
16 231.97 111.08 .000 2.429 .210 1oo0300

17 304.98 151.64 .oGO 1.OS5 .110 8.000
10 299.82 148.78 1o1.700 2.136 .120 1.350
19 299.36 148.52 28.300 .159 .210 100.000
20 286.b6 142.58 .000 1.353 .110 2%.300
21 332.53 166.9s 192.627 .coo .240 .010

22 319.62 176.4 .000 .oCC .240 .016
21 236.39 113.S4 .000 1.601 .210 100.000
2m 203.;7 9S.19 '.000 .404 .111) 2%.000
25 204.90 96.0S .000 .108 .110 21.000

TOTAL WEIGHT OF THERMAL OOEL ELEMENTS: 24.469 LBS.

FLUID CAPACITY RATE ELEMENTS

SREAMI NO.= 1 NOCE NO.= 100 INLET TEMP.: 216.00 F 1 102.21 CI

SECTTON NOC( OUTLET TEMP. FLOW PATE DENSITY HEAT IN
Ica. No. 4DE6.Fl £DCS.CI 9LBSISECJ 4LLS/FTI) (WATTS)

I lo Z26.49 100.04 .30000 45.N32 .000

STREAM No•. 2 NOnE O.: N- '00 ILFt T(EMP.= Z00.00 F 1 933Z Z)

-- -- - ----I NO• UTLEYT(T• . - -FLOW •ATE- OE;SITT_ HEAT IN_

I0. M0o. - OEb.F) IOEG.C) ILUSISECI (LOS/FT3I iWATTS)

1 201 200.0' 93.36 .3r000 46.3°4 . 00

STREAM NO.: 3 400E NO.: Z01 INLET TEMP.: JOO.7 F 03.3s C)

Figure 3-3. Motor Thermal Analysis at 45,000 rpm and C5 hp for 1 min
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the maximum amplitude at either (or both) rigid body modes for the following

two cases was obtained as follows:

Case 1--Unbalance Masses in Phase

Amplitude = 0.0009 in. At station 1 and at first critical speed

Case 2--Unbalanced M~sses Out of Phase

Amplitude = 0.00125 in. At station 1 and at second critical speed

Mode shapes and displacement curves as a function of frequency for st.-
tion I for zero damping were calculated. Displacement vs frequency for
stations 1, 4, 7, and 16 was also determined for Cases 1 and 2.

The motor-pump assembly drawing (Figure 3-6) displays the location of the
cooling circuits, bearings, seals, and pump impeller. The rotating assembly
details are clamped with a stressed tie bolt through the center of the shaft.
The bearing cavities are designed to provide an axial thrust balance due to
hydraulic pressure in the cavities. This prevents relief of the bearing
preload at any operation condition.

The stator assembly and rotor assembly are shown in Figures 3-7 and 3-8,
respectively.

3.2 PUMP DESIGN

The program kickoff meeting was held in February 1983. Mr. George
Coffinberry of General Electric recommended that the F1OI engine not be used
as a model for the application goals, but that an advanced engine be con-
sidered. The main impact of this on the pump design was to change from the
proposed approach, which used two impellers, one at each end of the shaft, to
a single impeller. The two-impeller approach used the second impeller only to
support the high-flow full afterburner condition. The two-impeller design was
proposed originally because the FIOl engine required a different pressure for
the afterburner operating condition. AiResearch calculated the pump loads and
efficiencies with the single impeller approach. These value* are given in
Table 3-2. This concept was agreed on and the pump hydraulic design pro-
ceeded. The analysis indicated the inherent advantages of the single impeller
concept: less development time and cost risk, and higher efficiency. The
program pump efficiency goals at the low load levels w-re not achievable in
any case.

The impeller assembly is shown in Figure 3-9. It includes labyrinth
seals to keep the high-pressure pump outlet from feeding back into the inlet
and to keep leakage out of the front bearing cavity. Due to the small clear-
ances necessary in the labyrinth seals, the decision was made to use the non-
resilient mount design approach for the bearings. This provides less critical
speed margin but assures seal clea-ance. Testing of the rotating motor-pump
assembly at a speed of 50,000 rpm was done to verify the suitability of this
approach. No significant vibration or dynamic loads were detected and the
resilient mounts were not used in the test program.

3-9



8c I

SLALE 2,

;;")Q QD

)I i cxlu '.

E)45~ ~ ~ QIL RERr ____



86-6 1112

A 4- -cs--t

ýW' ~ 2 Ko o L 2w RSA C

'&7A 'A I f tS2Vl

7 ~ 5 - M-)ý01Z

2 6 52 5a I3

D A4 c .3 -

-- A . o, A L.

FIN________ ~ 0
D w 22 171 11ý11-S 47'3a0~C ______________ý4-'~~J 

- -4~ 2&*~ Pdlt,

A'~ 3 4 e31 4PLUG

XII VII8A A I

IjAT~-.- T-l1E14 756( 3) -37 c .

TC ~ ~ ~ ~ S10X S00EAI ,P T0IAE

10~~S I0 '0 I-LB.I-IATU

YIEAAL M-IiC -I-IAL .6113(65 ociA1~ II

~ A~1T~t 511135 Cil~ BISTWENTD

A V.IkT ml KRAPU W-9- l 1O(535I O P

A~ATR NlxS,1AL -01m No0 6:15 s -351 FI -4tis
D I.E SIA T SRýNON TOs 1'0* 0 .- 75 f ND44.

INSTALL______INDND.(___9_

Figure T-6 25to 3!d INm 1-65LemblyE

2 10



-45c

Co45. : Mý. 2' ;r

j57 Q 7 ~ k -



711

It -

AL--l

/ý75- ack~ AfOI( S41 ESA-

K>.1, N'7 a F

#t~~a-';s .r~' n-fl.4.s'Lk,' . -%fl,&' Q

Alfo 52- - Ai

AFiur 3-7. Stto Assemblym~Q

I ~ -A.Y *~,O$''& .. ~C 'A3-11~



C74~T#~A' Z905

SEC7YON1)-i



83-6 1112

D

-' CA

4577 17
-- ~24-735 -2.4WA

.. 67 vfLL

RiSEAC

REDUCE S~zeelftý Reo& 000: m

;~CA ?IA/, V- A 19-4D 4)070,)Z 1V VZM25-ý

Figure 3-8. Rotor !\ssemibl-L

3-12



'4-
LaJ

c 0

-a-' C

0 0 a 0

(43 (41

do- 00 o ýC

oo : 4D CD CD CD

LL- 0 )E C) C
Cl-CL - 0r 0f 0c 0 ;

SE 00 0 0
4)a

0-- L 2 LL') c u)

CC-

Lfl LC) 47).a

La..-o +

tOE U) U)

OC: 4

3-13



t'FG I;ZES ; F 5, =7 . J I,ý ~ ~

___ .000

ALL________ 
LABY.RINTH4

P EBOT'4 50ES TYP

\ / SCE 7AB

C .259 -TYP G -lAs -

-> ,, wIK.~,~AC.D.

.151 -oyp 17 1 / / t.4,80IR TYP

1..001 R A

,* .9 C P 7TP

I I IRc'IW PL'.iOR.

4, pwn95IYwvv PEA QQ - p-:

3ý 0LE:T MARV. PARFT NO
-\C'AOJUt VU.RNtPCE ER)

USIV3G FII.J NO@
1. ALL MACW~NIND 5URFA(



88-61112

I 11110

-. 1 ( R7F - B

4.0Z

.- 035TYP

__ __ __ .04ý M, -IND__ __ _ __ _ _ W-1 2

v-os0  ___ O3 O'Iý14 1 ______ER______OQI

2~~~0 __ .00"

j i- A .0125IDI

I Iý 005~r__. h o ~ - ~ -

007, yp I
1.11~ ~ ~ ~ ~~6 p M~ '1~1 RZ ~iCNIU Of

Ab H D10AIH-*~7 ~ I~J*~T.R
T YP CF.0.M > E& MLS8V~~103 1?-5 PE19~IL JAE LF~~K b O0A00 1 P~

REUCD AZ
______ 2. CEAROPR Lj

ILCWL bu~A~tc

a NER4IbECIRCULAR-

A7ue39.IplerAsml

A MAT(:j i'Rok 1 5pb Tw$CONTUR3-1 P



3.3 MOTOR CONTROLLER DESIGN

The function of the motor controller is to provide variable power syn-
chronous with the voltage and frequency of the pump motor, thereby allowing it
to operate as a variable speed machine.

The motor controller design concept was most significantly affected by
the initial program assessment to establish the optimum system configuration.
Two mn.jor changes from the control concept proposed were recommended. These
were the change from a voltage source to a current source inverter, and the
change from an air-cooled design to a liquid-cooled approach.

The advantages for the current source dasign are listed below:

(a) Provides for a simpler control.

(b) Permits use of a programmable startup concept that eliminates the
need for an encoder.

(c) Is more adaptable to wide load and speed control requirements.

The only negative aspect to the current source inverter is the slightly
higher motor losses due to the harmonics in the stator current and the possi-
ble need for additional EMI shielding. The change to liquid cooling was
recommended to reduce the controller weight and size. Both of these design
changes were accepted by the Air Force and were incorporated into the program.

3.3.1 Fundamental Requirements

For proper operation, the permanent-magnet motor (PMM) must be elec-
trically energized from a 3-phase power source which can (1) control the
magnitude of current in the stator winding, (2) electrically commutate, i.e.,
transfer the current between each set of stator windings in a fixed sequence,
and (3) control the current so that it is aligned, i.e., synchronous with the
flux field established by the permanent magnets within the motor. As indi-
cated in Figure 3-10, maximum mechanical torque is achieved when the rotor
flux (due to the permanent magnets) and the stator mmf (due to the winding
current) are at right angles. Further, the magnitude of the torque is propor-
tional to the angle (9) between the flux and mmf (vectors).

3.3.1.1 Inverter-PMM RelationshiDs

Relating the above to a physical 3-phase PMM, the six possible mmf vec-
tors associated with current flow through the three stator windings are as
shown in Figure 3-11.

To maintain the maximum average torque, the stator mmf is -hanged each
time the torque angle (9) is at 60 and 120 electrical degrees. This can be
accomplished by supplying the PMM current from a 3-phase inverter. As shown
in Figure 3-12, the mmf can be rotated by sequentially closing and opening the
switches every 60 electrical degrees to produce a 3-phase rectangular current
in each of the stator windings.
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Figure 3-10. Fundamental PMM Electromagnetic Relationship
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Figure 3-11. Possible MMF Vectors for Stator Winding
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Figure 3-12. Inverter Switching Schematic and Current Wave Form
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3.3.1.2 Inverter-PMM Control

To achieve the desired relationship between the stator mmf and the rotor
flux, some form of control is required. One method is to use a PMM rotor
(shaft) position sensor to "mechanically detect" when each of the six stator
mmf vectors are at 60 and 120 electrical degrees relative to the rotor flux
vector. An alternate method is to monitor the PMM terminal voltage dur~ig the
times that phase current is zero, i.e., 180 tco 240 and 360 to 60 electrical
degrees as shown in Figure 3-12 for the A-phase current. However, since the
magnitude of the PMM terminal voltage is proportional to its rotor speed
(rpm), voltage monitoring cannot be used for initial startup of the PMM,

To resolve this limitation, shaft position sensors can be used until
sufficient PMM terminal voltage is generated for electrical monitoring pur-
poses, or a third method can be used. This third method is termed inverter
frequency "ramp start." The inverter is preprogrammed to produce a given
current magnitude in, for example, PMM phase A+ and B- windings. The current
magnitude is sufficient to produce a mechanical torque that aligns the rotor
flux vector at right angles to the resultant current or mmf vector. Once
aligned, the inverter output current frequency slowly increases from zero (dc)
at a predetermined rate (ramp). As the current is commutated from winding to
winding, a torque is produced to cause the PMM rotor to advance and keep in
"sync" with the now electrically rotating mmf vector. The frequency of commu-
tation is increased linearly with time in this implementation.

At approximately 10 percent of the PMM rated speed, PMM terminal voltage
is at a sufficient level to allow for reliable monitoring. Above 10 percent
of rated speed, voltage monitoring is used to provide the necessary
synchronous control.

As the PMM rotor accelerates towards rated speed, the inverter control
logic must change from closed loop current-open loop position control to

closed loop speed-closed loop position control at the aforementionea 10
percent of rated PMM speed.

During the ramp mode, the inverter determines the frequency or rpm of the
PMM. In the voltage mode, the PMM determines the frequency output of the
inverter.

3.3.2 initial Design Considerations

The basic functions of the motor controller are shown in Figure 3-13 and
are identified as (1) rectification and control of the 400-Hz source for
startup, (2) rectification and control of the 9-phase generator after startup,
(3) inversion of the rectified voltage/current for synchronous power transfer
to the PMM, and (4) commutation, i.e., turnoff of the power semiconductors
used within the inversion process.

3.3.2.1 Optimum Motor Controller Topology

To achieve the minimum weight configuration, a comparison of candidate
motor controller topologies was made.
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The six configurations analyzed the basic power circuit topologies
described below.

Option 1--Diode rectification - transistor boost chopper -transistor
buck cFopper - transistor inverter

Option 2--Diode rectification - transistor buck chopper - transistor
i nvertor

Option 3--Diode rectification - transistor buck chopper - thyristor
inverter

Option 4--Thyristor rectification (phase-delay rectifier, PDR) -

h~yristor inverter

Option 5--Thyristor cycloconverter

Option 6--Thyristor rectification (PDR) - transistor inverter

The bases for the tradeoff study were the input 9-phase wild-frequency,
wild-voltage (WFWV) characteristics, the motor controller output power
requirements for the PMM, and the controller-tu-PMM power factor interface
shown in Figures 3-14, 3-15, and 3-16, respectively.

Each of six candidate motor controllers was graded on the following

bases:

(a) Size

(b) Weight

(c) Reliability or complexity

(d) Effect on permanent-magnet motor interface

(e) Effect on source interface

(f) Power semiconductor limitations--thyristor vs transistor

The thyristor rectifier with thyristor inverter control (Option 4) pro-
vided the best overall approach. The trade study comparisons are shown in
Table 3-3. The key size and weight parameter comparisons are shown in
Figure 3-17. It appeared that the program goal of 50 pounds maximum for the
control was not achievable even with the selected optimum configuration.
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DESIGN PT PMM OUTPUT

0 85 HP

0 45 HP

0 10 HP

0 4HP

400
MAX ENGINE SPEED

~300 _ _ _ _

0 ER•N 1 2125 HZ

S200

'IDLE ENGINE SPEEDS100
I, IJ

20 40 60 80 100 120
LOAD @.95 P.F. (IVA)

Figure 3-14. WFWV Characteristics
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Figure 3-15. Motor Controller Output Profile
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TABLE 3-3. Tradeoff Matrix

OPTION 1 2 3 4 5 G

INVERTER TYPE I I I I V I

POWER STAGES 4 3 3 2 1 2

# POWER DEVICES 25 32 25 17 54 21

# ACTIVE DEVICES 12 17 10 17 54 21

MAGNETIC WT (LB) 21 16 14 9 24 9

AL ELECT CAP YES YES YEý NO NO NO

SIZE (FT 3 ) 3.1 2.8 2.3 1.8 3.0 3.0

WEIGHT (LB) 152 116 92 73 149 77

INPUT PF @ 45 HP 0.66 0.66 0.66 0.58 0.8 0.58

OUTPUT PF @ 45 HP 1.0 1.0 0.8 0.8 1.0 1.0

PMM RATING (KVA) 37.7 37.7 47.1 47.1 41.9 37.7

POSITION SENSOR NO NO YES NO YES NO

LOGIC CARDS 6 6 5 7 14 7

SENSORS 4 2 2 5 4 4

RELATIVE SCORE 1.34 1.20 1.13 1.00 1.73 1.03
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4. HARDWARE FABRICATION

The main component fabrication activities are described in this section.
In-process photographs and exploded views are used to help define the assembly
procedures.

4.1 MOTOR ASSEMBLY

The motor has two basic electromagnetic parts, the stator assembly and
the rotor assembly. The stator assembly is similar in construction to a
3-phase induction motor stator. Two different laminated stacks were built to
evaluate the efficiency benefit which could be achieved using 48-percent
nickel-steel laminations in place of conventional silicon-steel. The nickel
laminations were 4 mils thick and the silicon laminations were 5 mils thick.
The thin laminations are beneficial in limiting eddy current losses in the
iron. Silicon steel laminations without directional orientation cannot be
procured below the 5-mil thickness; so, the comparison was valid considering
the thinnest available lamination stock for each type of material. The
laminations were punched and bonded into a stack, and the outer diameter was
ground to a precision diameter for shrink-fitting into the housing. The stack
was then wound using polyimide-coated magnet wire and Nomex and Kapton
insulators to provide a full 2200C system. A photo of a wound stator assembly
is shown in Figure 4-1.

The permanent magnet rotor assembly shown in Figure 4-2 is more unique.
Figure 4-3 shows the rotor assembly parts except for the magnets. Stator
laminations are alsc shown in the foreground of this photo. The rotor shaft
has four milled flats to provide a base for the magnets. Figure 4-3 shows the
round disks at each end of the fiats to provide full magnet support and con-
tainment. An aluminum cage slips over the shaft and provides pockets for
mounting the rectangular block magnets and, functionally, acts as a damper
cage around each magnet pole. The Inconel 718 sleeves pictured are shrunk
over the shaft/magnet assembly after the magnets have been installed and pre-
cision ground. Figure 4-4 shows the process of "loading" a magnetized magnet
into the damper pocket. This process requires delicate control, because the
magnet tends to pull toward the shaft. Any impact on assembly could result in
cracked or chipped magnets. Figure 4-5 is a photograph of the sleeve instal-
lation process. The sleeve is heated inside tCe insulator at the bottom of
the press while the finished ground shaft/magnet assembly is cooled in liquid
n4irogen. Wh^n proper temperatures are reached, the shaft/magnet assembly is
attached to the pneumatic press and quickly forced down into the hot sleeve.
The sleeve immediately contracts onto the cold magnet assembly and the rotor
assembly is then withdrawn from the induction heating coil and quenched. The
quench is done to minimize heat encroachment into the magnets, thus preventing
irreversible loss of magnet flux.

4.2 PUMP HARDWARE

The pump details consist of an inlet assembly, a pump housing, the
impeller, and associated ring and labyrinth seal hardware. All these details
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are machined or machined and welded, except for the pump impeller. The
impeller consists of two pieces, one being a disk with a shaft stub The
impeller blades are milled into the face of the disk. The second pi e pro-
vides the closing plate for the milled side of the impeller disk. These two
mating surfaces require a precision fit and are brazed together to make the
impeller assembly. A labyrinth seal is machined on the closing disk to pre-
clude high-pressure pump output flow leaking directly back to the pump inlet.
A second labyrinth ring seal is shrunk onto the impeller hub to protect
against flow into the front bearing cavity. Figures 4-6 and 4-7 provide a
plan view and an isometric view, respectively of the impeller assembly.

All the details used in the motor and pump assembly are shown in
Figure 4-8, which is an exploded view of the complete unit. The top row shows
the inlet assembly, pump housing assembly, the rear bearing housing assembly,
the stator housing assembly, and the back cover. In the center of the picture
is the tie bolt. The bottom row has the main rotating members and some seal
parts. Proceeding left to right, the impeller and labyrinth ring seal are
first. The rotor assembly is flanked by bearings, carbon face seals, and face
seal rings. The bearing preload spring and support hardware follow with the
proximity probe disk at the end of the assembly. The motor-driven pump
installation dimensions are shown in Figure 4-9.

4.3 SELECTED MOTOR CONTROLLER

A block diagram of the motor controller selected for the program is shown
in Figure 4-10, and a schematic diagram of the power stages is given in Figure
4-11.

Physically, the motor controller layout consists of a modular array as
shuwn in rgure 4 , wherein the various aselmi,,ductors are mountedt on
integral mechanical, thermal, and electrical oil-cooled heat sinks.

The nine wild-frequency, wild-voltage (WFWV) semiconductors and six
inverter thyristor semiconductors are assembled in a similar manner by "stack-
ing" them in a configuration that allows for double-sided cooling of the disc
or "hockey-puck" semiconductor.

Each side of the semiconductor is in contact with an aluminum heat sink
that also serves as an electrical interconnection. Figure 4-13 shows the
arrangement for the 3-phase inverter thyristor assembly. Details of the cast-
aluminuim heat sink Aar shown in Figure 4-14.

The 400-Hz and inverter commutation semiconductors, thyristor gate dri-
vers, controller voltage sensors, and thyristor voltage suppression networks
are mounted to a separate oil-cooled heat sink.

The fourth depicted subassembly houses the control logic cards consisting
of:

(a) PMM position sensor

(b) Inverter firing

4-5
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(c) Inverter commutation

(d) WFWV thyristor firing

(e) PMM current and speed regulator

Figure 4-12 also shows functional circuitry related to semiconductor and
voltage sense transformer fire protection, WFWV thyristor interphase trans-
former, 400-Hz thyristor dc current smoothing inductor, and control logic and
gate driver power supply,

The motor controller modules and related circuit are packaged in an inte-
grated enclosure shown in Figure 4-15.

4.3.1 Control Panel

To assist in the developmental testing of the motor controller, as well
as provide for the necessary system level control and protection functions, a
separate control panel was designed and fabricated.

The system control panel contains the following circuit elements or
functions:

(a) Start (ON/OFF) switch

(b) Motor controller ready indicator light

(.:) Source select switch, i.e., 400-Hz or WFWV power input

(d) Speed control potentiometer for linear speed commands

(e) Speed control switches for step speed commands

(f) Load select switch for 1-minute 85 hp load

(g) Opto-isolated monitors for the 400-Hz output and permanent-magnet
generator (PMG) input

(h) Opto-isolated monitors for PMM operating frequency measurements

(i) PMG protection circuitry for overtemperature sensing

(j) First-event memory readout for motor-controller-induced faults and
PMG overtemperature

(k) PMG disconnect trip signal for PMG or motor controller faults

(1) System simulator

The WFWV PMG current unbalance protection could not be used, because the
current transformers (CT) dssociated with the PMG are ac only. The output
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current wave form from the PMG is basically half-wave rectified and hence
contains only positive currents of 120-degree duration. The PMG current
transformers do not contain an air gap and thus saturate and do not provide a
proportional (secondary) output. The General-Electric-recommended 50-ohm
burden resistor was used across each CT for transient protection. PMG current
limit nrotection was provided by current sensing within the motor controller.
;witn backup consisting of an input fuse for each of the nine PMG phases.

A system simulator was included as an integral part of the control panel.
The simulator is a very effective special test circuit which allows nearly all
of the logic functions to be dynamically operated or tested without actually
processing power through the motor controller. The simulator circuitry models
the 400-Hz and PMG source inputs and the motor controller PMM output so as to
enable "closed loop" testing of the controller logic and thyristor gate drive
circuitry.

The control panel was considered as special test equipment and therefore
was designed for installation into a standard 19-inch relay rack cabinet. The
display functions of the panel are shown in Figure 4-16.

4.3.2 Motor Controller Bench Testing

Before initiating system testing, the motor controller was bench-tested
to demonstrate satisfactory compliance at both subassembly and final assembly
levels. Bench testing included, but was not limited to, the following:

(a) Incoming inspection of critical components, such as power semi-
conductors, transformers, inductors, heat sinks, and logic inte-
grated circuits.

(b) Printed wiring assembly (PWA) calibration and performance verifi-
cation using standard PWA test fixtures and auxiliary wave form
generators and power supplies.

(c) Continuity check of control logic chassis and other motor controller
module subassemblies as well as the final controller wiring.

(d) Dielectric and insulation resistance check of the motor controller
final assembly.

(e) Current and voltage sensor calibration verification.

(f) Logic and thyristor gate power supply functional check.

(g) Interface with control panel command signals and annunciation.

(h) Inverter operation from 400-Hz power sources using test setup shown
in Figure 4-17. Specific operational tests included on/off control
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of the 400-Hz power within the motor controller, rectification and
control of the 400-Hz power, and operation of the PNM inverter to
produce regulated current to the load inductors, including commuta-
tion of the inverter thyristors.

Considerable difficulty was encountered during the motor controller
bench-testing phase associated 4ith the following four areas:

(a) Control-panel-simulator-to-controller-logic interface required modi-
fication to correct system scaling factors and operational modes
within the simulator.

(b) Motor controller power supply required redesign due to inadequate
cooling when mounted within the controller.

(c) Motor controller logic associated with PMM startup and the commuta--
tion of the PMM inverter thyristors had to be redesigned.

(d) Dielectric breakdown between the commutation semiconductors and
their associated heat sink required removal, repair, and
replacement.

4-19
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5. MOTOR TESTING

The test activity was planned to concentrate on the motor. The benefits
of characterizing the motor are that the motor controller and pump performance
can be ascertained in system testing if the motor performance parameters are
accurately established at the component level.

During system testing, it is difficult to obtain data at the motor input
due to the nonsinusoidal nature of the voltage and current wave forms. The
motor output shaft power is also a problem to measure because the insertion of
any instrumentation impacts the motor and pump performance. The electrical
input and hydraulic output of the system can be readily measured, and if the
motor characteristics are properly defined, the control and pump efficiencies
can be established with rsasonable accuracy.

5.1 MOTOR LOSS BREAKDOWN

The test concept used the "coastdown" method of loss separation. The
inertia of the rotating assembly was measured, and the motor rotor was driven
to slightly over rated speed and then allowed to decelerate with no driving
torque. The rate of deceleration is a measure of the motor loss causing the
motor to slow down. The data presented are based on the results from the 5-
mil silicon-steel laminated stack configuration. Other tests were performed
to try to optimize motor efficiency using the nickel-steel laminations and an
unskewed stator stack. The results of these tests indicated that they would
provide no significant efficiency benefits. Because these configurations all
would cause some negative impact on the system, the conventional silicon-steel
laminations were chosen for system testing. The basic configurations Used in
the motor loss analysis are listed beloA.

(a) A dummy (nonmagnetic) rotor of known inertia with the same shape as
the active motor rotor was used to establish windg. ad friction
losses.

(b) A magnetized rotor was tested in a motor with an unwound stack to
measure iron and stray field losses.

(c) The same configuration as above was tested, except that the stator
was wound to provide stator copper ctray and circulating current
losses.

(d) An ac resistive load was applied to verify the current-related
copper losses and s•Itablish the resistancE of the magnets to
armature reaction demagnetizing fields.

(e) A rectified dc load was applied in an unsuccessful attempt to
ascertain the harmonic losses. The commutating inductance was
measured during this test.

The windage and friction losses were measured with the bearings lubri-
cated with oil mist. The loss was a function of the square of the rotor
speed, with a value of 463 W at 45,000 rpm.
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The motor losses with the magnetic rotor are given in Figure 5-1, which
includes the windage and friction measurement using the nonmagnetic dummy
rotor. The difference between the two curves represents the iron and stray
flux field and tooth ripple rotor losses. Repeating this test with the stator
winding in place provided an additional loss of 170 W at 45,000 rpm. This
stator copper flux-related and circulating current loss is a function cf the
square of the speed.

Test data were taken at approximately 70OF and 250OF ambients to
establish the effect of magnetic field reduction at the elevated temperature.
The average of a number of coastdown runs was taken at each test condition to
minimize any effect of data scatter. Figure 5-2 shows the results of the
series of 12 runs to establish the iron and stray loss data. The maximum
deviation from average was +3.5 percent to -5.9 percent. This deviation is
insignificant when the puwer being measured is the major motor loading factor.
The deviations make loss separation impractical when the loss under investi-
gation is only a few percent of the total motor power. Attempts were made to
establish loss effects with ac resistive loads and rectified dc loads to
better define harmonic loss effects and separate stator and rotor losses, but
data scatter made accuracy questionable.

Table 5-1 lists the main parameter measurements at 45,000 rpm and
compares them with the calculated values.

5.2 MOTOR VOLTAGE AND INDUCTANCE

During the loss evaluation testing described above, the voltage constant
and commutating inductance were measured. The agreement between the measured
and calculated values is auite good. The technique used to establish the
commutating inductance evaluated the commutation event at a specific load
condition by measuring the driving voltage, the current change, and time
period to achieve zero current. The commutating inductance is then calculated
by L eavg (At/Li). Test results are included in Table 5-1.
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TABLE 5-1. Comparison of Calculated and Measured Parameters

Parameter Units Calculated Measured

Voltage L-N volts ac 184.1 190.0
(at 45,000 rpm)

Commutating uh 24 22
inductance

Windage and watts 455 463
friction

Iron and stray watts 1335 1737
field loss

Flux-related watts 0 170
copper loss

Winding resistance ohms 0.0224 0.0285
line to line at 200C
(including leads)
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6. SYSTEM TESTING

6.1 TEST CONCEPT

The purpose of the program was to prove the viability of electrical motor
drives, at relatively high power levels, controlled electronically over a wide
speed range. The program was set up to couple this prima-y c'emonstration with
the use of a high-speed, permanent-magnet, high-frequency generator to provide
motor controller input power at the high-speed end of the performance range
and use 115/200-V, 400-Hz power for the low-speed startup mode. Development
testing was conducted using this dual input -iower concept. Just prior to
entering the high-power development testing, the high-frequency 9-phase gen-
erator suffered an internal seal leak which permitted oil to enter the
generator air gap. This resulted in excessive heating of the generator.

The failure of this oil seal precluded the use of the 9-phase generator
and the 9-phase power control and conversion sections of the motor controller.
To provide the maximum performance data within the remaining program time,
AiResearch offered the use of a motor controller with similar characteristics
that had been developed for the Gas Research Institute (GRI) to operate from a
3-phase, 480-V, 60-Hz source. To conduct the performance tests, the GRI dual
inverter was paralleled with the dual converter section of the fuel pump con-
trol comprising the 400-Hz half-wave rectifier and 3-phase full-wave inverter.

The change in approach can be seen by comparing the test :3tup block
diagrams. Figure 6-1 shows the original plan from the approved test
prucedure. Tie agreed-upon alternate approach is shown in Figure 6-2. A
simplified block diagram of the "as conceived" fuel pump drive is given in
Figure 6-3, and a simplified schematic of the actual test control configura-
tion is shown in Figure 6-4.

Startup of the motor is identical to the original plan, using the 400-Hz
source coupled with the inverter. When the motor backvoltage reached a high
enough value, the second inverter was paralleled with the startup inverter and
the startup inverter shut down. All testing at speeds in excess of 15,000 rpm
used the dual converter operating from the 3-phase, 60-Hz input.

From an electrical and mechanical standpoint, the substitute inverter is
identicml to the inverter as originally conceived for the pump drive. The
thyristors used in the inverter and front-end converter are identical, and the
oil cooling and assemrly is very similar to that of the original cor spt.
With such a replacement system available, the measurements associateo with
efficiency and electricai characteristics are identical to those that could
have been obtained from the original concept.

The modified plan was to measure performance at the conditions noted
below:

a. Low flow valve setting at 10,000 rpm

b. Low flow valve setting at 15,000 rpm

6-1
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c. Low flow valve setting at 24,000 rpm

d. Low flow valve setting at 40,000 rpm

e. Low flow valve setting at 45,000 rpm

f. Low flow valve setting step command 15,000 to 24,000 rpm

g. Low flow valve setting step command 24,000 to 15,000 rpm

h. Low flow valve setting step command 24,000 to 40,000 rpm

i. Low flow valve setting step command 40,000 to 24,000 rpm

j. High flow valve setting at 45,000 rpm

k. Low flow to high flow step command at 45,000 rpm

1. High flow to low flow step command at 45,000 rpm

Testing was conducted with the pump impeller slightly over the diameter
required to produce rated power at 45,000 rpm when operating with MIL-H-83282
oil. The 40,000-rpm test point was added to provide an equivalent rated load
demonstration,

Test data was successfully recorded at test conditions (a) through (i),
which represent all the low-flow operating conditicns. Two problems developed
that limited the planned operations at the high-flow mode.

During testing, the commutation of the inverter was continuously
monitored to ensure that the inverter was not operated beyond its commutation
limit. This limit precluded operating at the full design power of 85 hp. The
firing angle was ad ,,ste t t-m-- pt to achie• v - hi gher electrical power
throughput across the inverter. However, by decreasing the phase advance
angle, the dc link voltage is reduced and cu~rrent needed is increased,
reducing the turnoff time available in the individual thyristors. With a
minimum turnoff time of 20 ýisec, the maximum electrical power of 57 kW was
achieved. Because the system encountered a commutation angle limit at
appLr.oximately 37,000 rpm and 70 hp, data is presented for this test point and
two lower-speed points at the high-flow valve load setting.

The second problem pertained to the test setup. The solenoid valve was
unable to perform the required step command flow change. Rather than procure
a new valve and replumb the hydraulic test setup, with a resulting delay in
program completion, AiResearch felt that this test shculd be eliminated.

Considering the commutation limitation, thq speed would have to have an
initial setting below 37,000 rpm, which limits the power change significantly.
Also, the transient current on step command up to the close commutation limit
could result in damage to the hardware.
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The fully instrumented motor and pump assembly are shown in the test
setup in Figure 6-5. Figure 6-6 is a schematic of the test setup with the key
instrumentation and control valve features highlighted.

6.2 TEST RESULTS

Data were taken at eight load conditions. Five were with the loading
vwlves in the low-flow position, and three were with the valves reset to the
high-flow position. Table 6-1 sets this information out and gives the motor/
pump exact speed for each of the test points. All other data tables relate to
these same speed and valve conditions by referencing test points 1 through 8.

TABLE 6-1. Motor Pump Test Conditions

Flow Valve Test Motor Speed,
Setting Point rpm

1 10,158
2 15,009

Low flow 3 24,189
4 40,740
5 45,168

6 24,399
High flow 7 35,133

- 8 37,080

The electrical input power at the dc link was recorded and the hydraulic
output power of the pump was recorded to define accurately the system output.
Power levels at other points in the system were determined from either loss
breakdown test data determined by earlier compun•nt level testing, or f-om
calculations based on known characteristics of the parameters involved. To
verify the overall accuracy of this approach, a power balance accounting was
made to see if there was any significant discrepancy at any of the test
points.

Table 5-2 shows the input volts, amps, and watts at the dc link. The
inverter loss was calculated based on the characteristic of the thyristors.
This is a constant, representing the forward voltage drop times the current.
Where an empirical calculation of this type is used, the column in the table
is shaded. Where a calculation uses only measured parameters to obtain the
value, no s " Is .. .. An example is the line loss column in Finra A-2
which is a product of the measured line resistance and the measured current.
The efficiency of the inverter, including the line drop between the motor con-
troller and the motor, is then determined. Not included here are the losses
associated with phase-delay rectification and filtering at the input of the
motor controller. The 480-V, 60-Hz motor controller used is not directly
pertinent to the program in that the switching frequency and filtering
requirements differ substantially.
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TABLE 6-2. Inverter Power and Efficiency

Inverter Loss inverter
Test Power Input, dc Link .:.:Inverter,!:::: Line, Efficiency,
Point vdc adc W W W percent

1 67.6 18.0 1, 217 81 ......... 3 93.1
2 117.1 28.6 3,349 129 8 95.9
3 189.6 58.8 11,148 265 35 97.3
4 331.1 120.8 39,997 544 146 98.3

374.9 137.0 51,361 617 188 98.4
177.2 99.8 17,685 449 100 96.9

7 262.3 181.7 47,660 88330 97.6
8 284.0 200.7 56,998 900 400 97.7

Table 6-3 covers the the determination of the motor losses and
efficiency. The motor power output is determined by subtracting the motor
losses from the motor power input. The motor losses were established as
follows. The copper losses were calculated using the measured resistance of
the motor winding line-to-line, the dc link current, and the copper resis-
tivity factor for the winding temperature at the time the data were taken.
The iron loss and the windage and friction loss are the motor loss values
established as a function of speed from the component motor level coastdown
tests. The "stray watts" column is an empirical value. This is an extremely
difficult value to determine in that it must consider stray magnEtic flux
fields from the permanent magnet operating in the motor armature reaction
field. This problem is coupled with the harmonic loss effects in the rotor
surface due to the nonsinusoidal wave form of the inverter drive. Experience
from similar systems has indicated that a loss of approximately three percent

TABLE 6-3. Motor Losses and Efficiency

Motor Motor Losses Motor Motor
Test Input, 124, Iron, W&F, ::iStray Output, Efficiency,
Point W W W W W W percent

1 1,133 9 150 28 34 912 80.5
2 3,212 24 283 59 96 X 2,750 85.6
3 10,848 105 613 144 325 9,661 89.1
4 39,307 497 1427 384 1179 5,820 9!.1I
5 50,556 599 1687 466 157i 46,287 91.6
6 17,136 323 622 146 514 15,531 90.G

AC 1V I 1V"C• 110'• .,1 1.O :' A Zj, 01 C,

8_ 5,698 J1378 1225 .37_ 71,093' 91.7
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of the power input should be expected; therefore, this value was used here.
The motor efficiencies determined are in the luw 90-percent region at the
higher loads, which is in the area calculated for this type of motor.

Table 6-4 presents the motor performance parameters in a different form.
The motor output is converted to hors;epower, and shaft torque is calculated
for each test point. The torque constant in the units of in-lb per dc link
amp is then calculated. An interesting change occurred in the torque per amp
between the low-flow and high-flow test conditions. A partial explanation is
that the higher armature reaction fields at the high-flow, high-current tests
caused the stator winding flux linkage to decrease, thus dropping the torque
per amp. Test points 3 and 6 are at the same motor speed, but the torque per
amp at the high-flow load condition is 6.1 percent lower.

TABLE 6-4. Motor Performance

Motor Shaft Torque l . Motor
Test Power, Torque, Constant, Internal Drag,'.
Point hp in-lb in-lb/amp " hp

1 1.22 7.59 0.421 0 .2 5
2 3.69 15.48 0.541 0. 56
3 12.95 33.75 0.574 1.44
4 48.02 74.30 0.615 4. 10
5 62.05 86.59 0.632 5.04
6 20.82 53.79 0.539 1 47
7 57.06 102.37 0.563 3 .... ..05.
8 68.49 116.44 0.580 3

The final column in Table 6-4 defines a motor loss not previously
addrested. This loss is due to two factors which are present in this motor
but are not essential to proper operation. Both of these factors are caused
by the flooding of the front bearing and rear bearing cavities by cooling oil.
The original motor concept called for the use of journal bearings. This was
changed because of safety concerns when operating with MIL-C-7024. Both
bearings were changed to ABEC-5 angular-contact ball bearings. These bearings
represent a significant loss at the higher-speed test points. In addition to
the bearings, the position sensor disc, which has two discrete poles, also
rotates in the flooded rear bearing cavity. Calculations indicated that
approximately 20 percent of this motor internal oil drag loss is attributable
to the position sensor. The startup concept was changed during development to
a programmed ramp start; therefore, the sensor serves no useful function other
than a. a spacer on the shaft assembly. These calculated losses were set
asida from the motor losses when calculating motor efficiency earlier, because
they would be eliminated or greatly reduced on any subsequent motor redesign.

"1he pump input power considers the net power delivered from the motor;
these internal oil drag losses are therefore subtracted before the Table 6-5
data are presented.
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TABLE 6-5. Pump Performance

Pump Pump Output Pump Power
Test Input, ow, AP, Power, Efficiency, Oil 6T,
Point hp gpm psi hp percent hp

1 0.97 9.90 40.0 0.23 23.7 0.16
2 3.13 16.44 98.9 0.95 30.4 1.47
3 11.51 28.08 268.7 4.40 38.2 5.46
4 44.21 45.47 753.0 19.98 45.2 23.43
5 57.01 48.87 897.8 25.60 44.9 29.15
6 19.35 83.63 206.6 10.08 52.1 9.51
7 54.01 117.40 437.1 29.94 55.4 23.93
8 65.11 127.90 479.1 35.75 54.9 29.22

Table 6-5 presents the pump performance. The pump output horsepower is
calculated from the measured oil flow and pressure rise. In addition, the
pump efficiency is calculated. The power going into heating of the oil is
calculated and presented in the final column of the table. The sum of the
pump power output and the power going into heating of the oil should approxi-
mate the pump input power. This sum will generally fall slightly below the
input value because heat is lost from the oil into the surrounding structure,
and the thermocouples sensing the oil temperatures are sheathed, thus giving
some additional separation from the oil itself. The consideration of the
unaccounted power does provide a means of verifying the overall accuracy of
the performance analysis.

Table 6-6 presents the unaccounted power and compares it to the total dc
link input power. The high-flow test points show an excellent balance with
very little percentage deviation. The two high-power performance points in
the low-flow mode of operation also show little percentage deviation. How-
ever, the low-power points in the low-flow mode do show a significant percan-
tage of unaccounted input power. There are a number of possible reasons for
this. As discussed earlier, some inaccuracies exist in the determination of
the power lost to oil heating. This could be aggravated at the low-flow con-
ditions and low-temperature-rise measurements. In addition, the accuracy of
the measurements at the low volts, amps, flow, and pressure rise may also be a
factor.

TABLE 6-6. Power Balance

Test Dc Link, Unaccounted Power
Point W percent

1 1,217 433 35.6
2 3,349 537 16.0
3 11,148 1230 11.0
4 39,997 597 1.5
5 51,361 1686 3.3
6 17,.685 (179) (1.0)
7 47,660 104 0.2
8 56,998 104 0.2
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In order to assess the conisistency of the hydraulic flow and pressure
rise data, a flow constant and a pressure rise constant were calculated for
each test point. The flow should vary in proportion to speed, and the
pressure rise should vary in proportion to the square of speed. The low-flow
and high-flow valve set conditions will result in different constants. Table
6-7 presents these factors. At 10,000 rpm, a part of the deviation appears to
relate to the accuracy of the metering at low flow and pressure.

TABLE 6-7. Pump Performance Factors

Test Flowx 104 AP 2
Point rpm T-m) 2 x 108

1 9.75 38.77
2 10.95 43.90
3 11.61 45.92
4 11.16 45.37
5 10.82 44.01
6 34.28 34.71
7 33.42 35.41
8 34.49 34.85

The power balance does provide a sound backing for the loss calculations
made during the test data reduction. The empirical values used are sub-
stantiated to a reasonable degree. Some misappropriation of power loss may
possibly exist between the two main empirical areas of stray loss and motor
internal oil drag, but this should be minor in the total power evaluation.

The overall measured efficiency from dc link power input to measured pump
power output is given in Table 6-8, and the equations used in the various loss
calculations are given in Table 6-9.

TABLE 6-8. Overall Efficiency

Dc Link Pump Overall
Test Power, Output, Efficiency,
Point W W percent

1 1,217 172 14.1
2 3,349 709 21.2
3 11,148 3,282 29.4
4 39,997 14,905 37.3
5 51,361.

6 17,685 7,520 42.5
7 47,660 22,335 46.9
8 56,998 26,670 46.8
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TABLE 6-9. Loss Calculation Equations

Loss Equation Comment

Inverter (4. 5 )(10C) 4.5 is based on published
thyristor characteristics

Line (O.01)(IDc)2 0.01 ohm is the line-to-line
cable resistance between

control and motor

Motor copper (0.0285)(IDC) 2 (Temp. factor) 0.0285 ohm is the line-to-
line motor resistance

Motor iron (1677)(rpm/45,000) 1 . 62  1677 W at 45,000 rpm and 1.62
exponent were determined by
motor tests

Motor windage (463)(rpm/45,000) 1 . 88  463 W at 45,000 rpm and
and friction 1.88 exponent were deter-

mined by motor tests with
mist lubricated bearings

Motor stray (watts in)(0.03) Empirical constant
and harmonic

Motor internal (3730)(rpm/45,000) 2  3730 W calculated (approx.)
pumping for 45,000 rpm

Pump output (gpm)(AP)/1714 1714 constant for hp output

&P in psi

Pump oil (0.0236)(AT)(gpm)(Cp)(p) 0.0236 constant for hp. AT
heating in OF. C is specific heat

and p is fluid density at
operating temperature. See
Figure 6-7 for properties.

Figures 6-8 through 6-30 show various wave forms and data recorded on a
Tektronix digitizing oscilloscope. Dc link volts and amps and the line--to-
line voltages were recorded at most of the key test points. The increase of
the commutation time and its effect on the motor backvoltage sine wave can be
followed as the load and speed increase. Some dc drift occurred during the
recording of this data, but the oscilloscope data agree fairly closely with
the dioistrio and backup meter readings that were used in the data reduction
presented in Tables 6-1 through 6-9. The dc link data also depicts the ripple
level seen due to the difficulty in dealing with the low 60-Hz input instead
of the 2125 Hz that would have been available from the 9-phase generator.
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Figure 6-10. Line-to-Line Motor Voltage, i.22 hp, 0,158 rp~m
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Figure 6-11. Line-to-Line Motor Voltage, 1.22 hp, 10,158 rpm--
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Figure 6-12. Dc Link Voltage, 3.69 hp, 15,009 rME
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Figure 6-13. Dc Lnk Crrnt,_1.69h,10Crp
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Figure 6-14. Line-to-Line Motor Voltage, 3.69 hp, 15,009 rpm
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Figure 6-16. Dc Link Volta~e, 12.95 hp, 24,189 rpm
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Figure 6-17'. Dc Link Current, 12.95 h, 24,189 r m
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Figure 6-18. Lina-to-Line Motor Voltage, 12.95 hp, 24,189 rom
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Figure 6-21. Dc Link Current., 48,02 hp, 40,710 rpm
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Figure 6-22. Line-to-Line Motor Voltage, 48.02 hp, 40,740 rpm
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Figure 6-23. Dc Link Volta.e, 62.0 p, 4168 r2m
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Figure 6-24. 0- Link Current, 62 .05 hp_45, 168 rpn"
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Figure 6-25. Line-to-'Line Motor Vc~t q~e, 57.06 he , 35,133 rpm
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Figure 6-26. Dc Link Voltage, 57.06 hp, 35,133 rpm
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Figure 6-27. Dc Link Current, 57.06 hp, 35,133 rpm,
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Figure 6-28. Oc Link Voltage, 68.5 hp, 37,080 rpmj
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Figure 6-29. Dc Link Current, 68.5 hp, 37,080 rpm
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Figure 6-30. Line-to-Line Motir VolItage, 68.5 hD ,37,080 rom

6-28



Predicted pump performance on MIL-C-7024 at 45,000 rpm is shown on Figure
6-3k. Correcting the high-flow test data to 45,000 rpm (flow rpm, AP
rpm I and comparing this with the calculated performnarce shows that at low
flow the 0P is about 10 percent nigher than predicted, and at high flow the 0P
is about 4 percent higher than predicted. The density of MIL-H-83282, the
actual test fluid, is 11 percent higher than MIL-C-7024, which was the base-
line fluid. Therefore, the actual pressure rise should also be 11 percent
higher. At low flow, the agreement between the actual and predicted AP is
within I percent. At high flow, the effect of fluid viscosity must also be
taken into account. The viscosity has a very small effect at low flow. At
90 0 F, MIL-H-83282 has a viscosity of 26 centistokes compared to less than 1
centistoke for MIL-C-7024. An empirical correction of 3 percent should be
applied to the actual 0P at the high flow condition. At high flow, after
allowing for the effect of density and viscosity, the test data is within 4
percent of predicted.

Figure 6-31 also shows the calculated efficiency plotted as a function of
flow at 45,000 rpm. This calculated efficiency has to be reduced to allow for
the effect of fluid viscosity. An empirical correction indicates that the
efficiency should b6 90 percent of predicted at high flow and 98 percent of
predicted at low flow. Near perfect agreement is seen at the 48-gpm, 45,000-
rpm test point. No high-flow test points could be made at 45,000 rpm;
however, the calculated efficiency at that speed is compared to the 37,000-rpm
high-flow data. The measured efficiency at that condition is less than
expected from the calcu'!iited porformance.

The response of the motor and pump to step commands was determined. The
change to the suhstitute motor controller also required the use of a modified
step command circuit. The only significance of this is that the step ramp was
somewhat slower, requiring up to 100 msec in transition to Lhe new speed
command level. The set point at the low-speed condition was 13,800 rpm
instead of the desired 15,000 rpm; so a slight penalty on the system also
applied here. The step command to rated power was set to 40,000 rpm because
the power at that speed closely approximated the 45-hp load point.

Figure 6-32 shows the time to acceletate from 13,800 rpm to 24,000 rpm,
and Figure 6-33 shows the time to decelerdte between those same speeds. The
latter test is the only condition where the time to stable operation at the
new commanded speed exceeded the specification goal. The commanded 13,800 rpm
was reached in 1.75 seconds irstead of 1.5 seconds. Figures 6-34 and 6-35

* 4v th data cr step ccmad tra -. at perfo mmzi;c .bteen the 24,000- and
40,000-rpm operating points. Signif-cznt margin was demonstrated above the
specification limits. lhe speed change required to reach full power was
16,000 rpm instead of 21,000 rpm, which represented a, easier requirement for
the system. However, the increase in shalt. load was the required 35 hp.

In general, despitc the use of the substitute motor controller, the test
program provided most of the performance data required of the system. The
motor and pump performance were stable throughout the testing, with no
appreciable vibration sensed at any of the test conditions. The motor temper-
atures were stable and the cooling technique verified- During the final
phases of systein developinunt, the unit operated in excess of 100 hours and
demonstrated full-speed operdtion and a power capability of nearly 70 hp at
the motor shaft.
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Figure 6-31. Comparison of Calculated and Measured Pump
Performance
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Figure 6-32. Transient Response, 13,800 to 24,000i rpm

REQUIRED)
TRANSITION

26

22

IL10 -,,-

L 16

14 ..

'tO . !1.75 SEC

0 .s 1.0 1.5 2.0 2.5

TIME. SECONDS

Figure 6-33. Transient Response, 24,000 to 13,800 rpmn
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Figure 6-34. Transient Response, 24,000 to 40,000 rpm
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Figure 6-35. Transient Rasponse, 40,000 to 24,000 rpm
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 SYSTEM

The program demonstrated the capability of stable and precise speed
control over a wide load and speed range for an electronically controlled per-
manent-magnet dc motor. Motor performance over a load ranqG OT 1.2 to 68.5 hp
and a speed range of 10,000 to 45,000 hp proves the basic feasibility of this
electrical drive system.

The design and development activities did establish that some additional
work is required to optimize the system. There are three areas which are of
particular significance.

The first area of improvement considered is the motor power output, which
was short of the program goal of 85 hp. The limitation was caused by a lpck
of commutation margin. This problem appears to be easily corrected. During
the course of this program, significant increases have been made in the energy
level attainable in permanent magnets. This has led AiResearch to develop a
newer concept motor which has only 68 percent of the commutating reactance and
half the fundamental frequency of the crogram motor in the same package size.
This machine would permit full power output at a slightly higher efficiency.

The second area needing design improvement is the motor bearing lubrica-
tion concept. The flooded bearing approach i-sults in significant parasitic
losses. This design was satisfactory with t• original sleeve-bearing config-
uration; however, a redesign to a mist-lubricated ball bearing motor is needed
to fully optimize the pump output.

Third, the motor controller weight could not be brought down to the spec-
ification goal of 50 pounds. Although the development nature of the program
required a tightly packaged brassboard controller configuration, with some
resultant penalty in size and weight, analysis indicates that a 70-pound
controller would be the best achievable even with optimum production packag-
ing. The other factor which had an mpact on weight was the need for two
input phase-delay rectifiers, one oý.-ating with the 400-Hz input and the
other working from the 9-phase wild-voltage, wild-frequency input.

Power transistors operating reliably at voltages up to 1000 Vdc and
beyond are now available. The design of modern drive electronics must care-
fully consider the use of th•s• tansistors in place of thyristors. This,
coupled with an optimized system, including generator and motor, would enable
a compact power electronics unit to be built. It is important to realize,
however, that imposing one "as-designed" component in such a system may
severely impact the total system. All components of such a system must be
optimized to ensure that the result is optimized from a weight, size, and
performance standpoint.

The utilization of a transistor inverter has a direct benefit for the
motor in that the operating power factor can be effectively held close to
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unity. This would have provided a torque-per-amp improvement of approximately
15 percent for the motor.

The technology demonstrated in the program, with the design improvements
discussed above, would provide for a high-efficiency, high-speed drive capa-
bility for a number of possible applications up to the 100-hp range. While a
fuel pump concept was used here for demonstration, other pu-p applications as
well as compressor drives could be improved in performance and power density
with the application of the technology developed under this program.

7.2 MOTOR CONTROLLER

Improvements relating to the motor controller can be grouped into two
basic areas: (1) power circuit topology and (2) power semiconductor availa--
bility. Both of these areas had an adverse impact on the motor controller
design and subsequent bench- and system-level testing. The cause of this
impact and recommendations for future designs are discussed herein.

7.2.1 Topology

The use of a 3-phase, 400-Hz startup source and a 3-phase, engine-driven
generator power source can simplify overall converter design and operation.

Figure 7-1 shows the basic topology and power semiconductors diagram for
the existing program motor controller.

The 400-Hz power is rectified, controlled, and used by the inverter to
start up and accelerate the PMM, thus providing "fuel" for engine starting.
Engine starting provides output voltage from the engine PMG, which is
rectified, controlled, and used by the inverter to operate the PMM at the
higher speed and power required for increased engine "fuel" demand.

The transfer from 400-Hz to wild-freq•E..CY, wild-vWolag (FWV) power
needs to be done without causing a large step in rectified voltage to the
inverter. To accomplish this and to satisfy the requirement of common
neutrals, half-wave 400-Hz and WFWV phase-delay rectification were needed.
Figure 7-2 shows the ac awd dc voltage potentials in this process.

The adverse impacts were (1) the use of a total of 12 thyristors or
phase-delay rectifiers ('DR) and associated circuitry instead of 5 for the 3-
phase source and engine generator configuration, and (2) the restriction of
two-quadrant operation from 9 half-wave PDR's instead of four-quadrant
op:'ration from 6 full-wave POR's. Two-,uadrant operation allows only for
active increase in the current, -whereas four-quady-nt operation allows for
active increase and decrease in the current delivered to the PMM inverter.
Four-quadrant operation would have provided improved control of the current to
the inverter during the initial startup commutation of the inverter
thyristors, as well as improved performnnce during transient or dynamic
changes in pump loading.
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Figure 7-1. Basic Motor Controller Diagram
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7.2.2 Power Semiconductors

Currently available power semiconductors include power transistors as
well as various gate-turnoff thyristors. Use of these devices would have
eliminated the need for auxiliary commutation circuitry associated with the
FkM inverter thyristors and allowed for an improved power factor between the
inverter and the PMM.

The use of conventional thyristors mandated some form cf external
commutation, i.e., turnoff method. With a PMM, the method of choice was load
commutation, wherein the reactive power of the PMM isused. Tu accomplish
this, the "phase" of the inverter current is advanced compared to the PMM
voltage, which enables the PMM voltage to (1) reduce the "conducting"
thyristor current to zero (1.o) and (2) reverse-biis the thyristor for the
required turnoff time (yO). Figure 7-3 shows this pricess which, as noted,
causes an overall lower system power factor. This means higher system kVA
ratings, which results in a larger controller and PMM size and weight.

7.2.3 Improved Source/Controller/PMM System

An improved system configuration is shown in Figure 7-4, wherein two
3-phase sources, gate-turnoff thyristors for synchronous four-quadrant
rectification, and power transistors or gate-turnoff thyristors for inversion
are used. This would overcome the aforementioned limitations and result in a
viable airborne system.
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